We have developed a visualized 3-D model of a City Sustainability Index (CSI) based on our original concept of city sustainability in which a sustainable city is defined as one that maximizes socio-economic benefits while meeting constraint conditions of the environment and socio-economic equity on a permanent basis. The CSI is based on constraint and maximization indicators. Constraint indicators assess whether a city meets the necessary minimum conditions for city sustainability. Maximization indicators measure the benefits that a city generates in socio-economic aspects. When used in the policy-making process, the choice of constraint indicators should be implemented using a top-down approach. In contrast, a bottom-up approach is more suitable for defining maximization indicators because this technique involves multiple stakeholders (in a transdisciplinary approach). Using different materials of various colors, shapes, sizes, we designed and constructed the visualized physical model of the CSI to help people evaluate and compare
Introduction

Background
Cities are among the most important entities to be controlled for achieving a sustainable future of human well-being on earth. Urban population and its impact have been steadily increasing. According to the United Nations Department of Economic and Social Affairs (UNDESA) [1] , 3.6 billion people of the 7.0 billion world population live in urban areas, and this urban population is projected to increase to 6.3 billion in 2050 (while the world population will be 9.3 billion). Cities negatively impact local and global environments directly and indirectly through resource consumption and trade. For example, cities in the world account for between 71% and 76% of global carbon dioxide (CO2) emissions [2] , but are considered engines of economic development that foster socio-economic prosperity [3] . However, prosperity is also accompanied by an expansion of urban inequality [4] . Thus, striking a balance among environmental, economic and social needs is critical to securing sustainable human well-being. For this reason, there is an urgent need for a new and reliable system for assessing city sustainability that is capable of providing relevant and requisite information for policy making [5] . Furthermore, during the decision-making process, discourse would be desirable among all the relevant stakeholders so that information on city sustainability can be shared, and that feasible and effective policies can be contrived and implemented.
In response to such demands, we have developed an objective system called the "City Sustainability Index" (CSI), which provides a scientific basis for evaluating and comparing cities along the three dimensions of sustainable development (i.e., environmental, economic and social considerations). In addition, we have created a visualized physical model of the CSI to deliver multi-dimensional information in a simple and straightforward manner so that the contents can be readily understood by diverse audiences. The purposes of this paper are to: (1) provide a brief explanation of the concept of city sustainability and its assessment methods; (2) introduce a visualized model of CSI with the results of sustainability assessment applied to 18 world megacities; and (3) discuss several applications and development of a visualized CSI model.
Sustainability and the Transdisciplinary Approach
There have been increasing demands to construct indicators that can assess urban sustainability, and many lists of urban sustainability indicators have been provided [6] [7] [8] [9] . For example, Shen et al. examined and compared nine different lists of urban sustainability indicators used for nine regions/cities, and derived a primary list of urban sustainability indicators on a comparative basis [10] . These early studies have focused on making lists of environmental, economic, social and governance indicators to cover as many aspects of cities as possible. However, methods to integrate these different indicators have not been adequately developed [5] . Furthermore, most urban sustainability indicators have focused on the sustainability of the target cities themselves, not the sustainability of cities across the world; such indicators include the Green City Index [11, 12] , and City Development Index (or Global Urban Indicators) [13] . In addition, some research has considered the issues of environmental sustainability only at local scale, not on a global scale; these studies include that of Bettencourt and West, who quantitatively analyzed and discussed the impact of economic growth in cities on society and the local environment [14] . Therefore, a more comprehensive set of indicators is needed that can assess the impact exerted by cities upon the sustainability of the global environment.
The main reason for developing sustainability indicators is to provide tools for policy making, information sharing and community improvement [15] . The frameworks adopted for the existing sustainability indicators can be divided into two paradigms, namely "bottom-up" and "top-down" approaches [16] . The top-down approach is based on the knowledge of experts and professionals, with the intention of providing an objective and macroscopic viewpoint, which in turn enables comparative analysis among cities in different geographical locations. However, the interpretation of the concept of sustainability often is different among professionals [17] . Moreover, since the decision-making process is done only by a small number of experts and policymakers, the top-down approach tends to preclude active participation by members of the public, who will actually be most affected by the decision. In other words, the top-down approach fails to take into consideration the views and opinions that only local people can possess. As a result, decisions made through such a process might well be biased in favor of policymakers [18] . Therefore, the top-down approach is not based on a democratic process to represent the collective opinion of a community.
As the limitations and defects inherent in top-down approaches have been revealed, the merits of bottom-up approaches gradually have been examined. Bottom-up approaches rely on the participation of local communities in the decision-making process, and encourage individual members of a local community to select relevant indicators; therefore, a bottom-up approach reflects local needs and issues [19, 20] . According to Fraser et al. [21] , the implementation of a bottom-up approach has two main advantages. Firstly, by incorporating the knowledge of local community members who are most familiar with the local situation, this approach can increase the meaningfulness of indicators in the society. The bottom-up approach also reflects diverse opinions of the community, making the process of indicator selection more democratic than that in the top-down approach. Secondly, the process of community participation itself contributes to the empowerment and education of the community [22] . There even appear to be synergistic interactions between these two aspects (i.e., inclusiveness and empowerment), since the purpose of establishing the sustainability indicators is the improvement of local and global environment, an aspect of which is the vitality and functioning of the local community itself.
However, the bottom-up approach also has disadvantages. Compared to the top-down approach, engaging the participation of a community in the selection of indicators requires much more time and resources, especially if there are conflicts of opinions within the community. The bottom-up approach also can result in selecting too many indicators within a particular city that are not comparable among cities.
Fortunately, top-down and bottom-up approaches are not mutually exclusive. In fact, the introduction of a bottom-up approach does not deny the necessity for quantitative and aggregated methods that are used often in top-down approaches. Comparative analysis with other locations or at wider geographical scales provides more comprehensive understanding of the whole, as well as the local situations, than can a narrowly focused (i.e., strictly local) analysis. Integration of bottom-up and top-down approaches could compensate for the shortcomings in each, and has therefore been considered as an effective strategy for developing sustainability indices.
The approach that involves not only professionals of different disciplines, but also various stakeholders, is called a "transdisciplinary approach" [17, 23, 24] . To conduct a transdisciplinary approach, top-down and bottom-up approaches must be integrated. However, synthesizing these two contrasting approaches is not an easy process. There is always a possibility that conflicts between different stakeholders will occur, especially between citizens and policymakers. Since it is the policymakers who normally have the overriding power to make and to implement policies, these conflicts might result in disregard of bottom-up processes. On the other hand, it also can be expected that in some cases, the choices made by a community will be based solely on self-benefits, contradicting the needs for sustainable development at bigger scales. Therefore, a transdisciplinary approach must endeavor "to provide a balance between community and higher level actors" [25] . Although technical criteria can be measured, the perception of a citizen cannot be measured. Therefore, the method of assessing the level of convergence between different stakeholders, especially between professionals and citizens, can be helpful in building a consensus. Such a method has been developed by, for example, Battaglia et al. [24, 26] .
Fraser et al. also observed that one of the biggest challenges in the integration of top-down and bottom-up approaches is to identify the extent to which the public should be engaged in the decision-making process and the scales at which indicators are to be perceived as relevant by the public [21] . Because different stakeholders and indicators operate at different scales that range from the local community and administrative boundary to international and transboundary areas, identifying the ideal scale for indicators is not an easy task. When sustainability issues are addressed on a global scale, they are not likely to be perceived as relevant by local people or be reflected in their surrounding environment at local levels. Therefore, global environmental issues must be considered by the professionals from a scientific perspective, i.e., through a top-down approach. In addition, local community members often focus merely on issues relating to the current generation, and not on the potential linkages between current and future generations. Because the notion of sustainability assumes intergenerational equality, the challenge to establish a relevant timescale is also an obstacle for the bottom-up approach. In the CSI, these challenges are handled by combining two different types of indicators, namely, "constraint" and "maximization" indicators. We assume that constraint and maximization indicators are suitable for top-down and bottom-up approaches, respectively, and a detailed account of the two types of indicators will be presented in Section 2.2.
Visualization and the Transdisciplinary Approach
A critical aspect in integrating of the two approaches (i.e., bottom-up and top-down) is to present the process of data collection and interpretation, as well as the final output, clearly to the community in such a way that all non-experts can easily understand them and thereby readily participate in the whole process [27] . Visualization is an effective method by which to convey scientific discoveries to non-professional audiences [28] [29] [30] [31] [32] . Because visual data can be understood instinctively, visualization does not require high literacy about the scientific information, especially numerical and mathematical literacy [33] . Visualization can also provide an interactive interface and facilitate a participatory approach [34] . Methods of visualization have been elaborated widely, especially since the establishment of a special conference and journal dedicated to visualization in the 1980s [35] .
Methods of data visualization frequently have been used to present scientific research on global environmental issues. Because studies on the global environment inevitably involve various pieces of information from different disciplines and their complex integration processes, visualization plays a critical part in making research results readily understood by an audience. Existing applications include the visualization of atmospheric data [36] , CO2 emissions [37] and simulation of water supply and demand [38] . "Tangible Earth" [39] and "Science on a Sphere ® " (SOS) [40] developed a digital terrestrial globe that allows users to acquire interactive and educational experience about the global environment. Visualization also provides a platform that enhances viewers' spatial cognition, especially when the visualization deals with urban data [41] [42] [43] . Density distribution is a particularly important concept for understanding cities [44] .
City Sustainability
Concept of City Sustainability
The term "sustainability" has become increasingly important, particularly in connection with global environmental issues, and what it means conceptually also has been continually evolving [45] . Sustainability is, therefore, not a general term that has a clear and fixed definition or application although the notion of sustainable development as presented in the Brundtland Report is famous. A review of the notion of sustainability is beyond the scope of this paper, but the interested reader can be referred to numerous pieces of academic literature [5, [45] [46] [47] [48] [49] . Hereafter, we would like to focus on the notion of "city" sustainability.
Many urban sustainability indicators focus only on whether the city under evaluation is sustainable within its boundaries. Importantly, the concept of city sustainability in this paper (i.e., CSI) is different from others in this respect. Herein, we use the notion of city sustainability based on Mori and Yamashita [50] because this interpretation provides a clear framework that describes how environmental, economic and social states should be related in terms of city sustainability. Accordingly, city sustainability denotes maximization of the total economic and social net benefits that a city produces, without exceeding environmental limits and while staying within acceptable limits of socio-economic inequity. In regard to environmental limits, when the limitations are on a global scale a set of threshold values is assigned based on the published study, "Planetary boundaries" [51] . This concept of city sustainability recognizes the global environmental limitations of the "leakage effects" that a city has beyond its urban boundaries. Therefore, city sustainability assumes that whether a city under evaluation continues to be in a healthy condition in terms of local environmental aspects is of no consequence; in contrast, whether the global environment is sustainable while the current socio-economic activities of the city are maintained is significantly important.
Constraint conditions should also be applied in the context of intergenerational equity. That is, for a specified future time period, the extent of socio-economic activities in a city should not exceed the environmental limits. Even if a city does not currently exceed a given threshold of environmental limits, the negative impacts may accumulate and exceed the threshold at some point in the future. The accumulated total environmental burden may have a serious negative impact on the environment that future generations should enjoy. If the accumulated burden into the future exceeds the environmental threshold within the given time scale, its current state should be considered to be unsustainable. Hence, a sustainable city is defined as a city that maximizes economic and social net benefits (degree of satisfaction) while meeting constraint conditions of the environment and socio-economic equity in both opportunities and distribution into the indefinite future.
However, it is insufficient to merely satisfy the constraint conditions. A city exists for the pursuit of economic and social prosperity based on agglomeration effects, and this point should not be viewed lightly. So long as a city fulfills conditions of limits in regard to the environment and equity, economic and social benefit must be increased to a maximum capacity. When maximization has not occurred in this city, there is still room to promote pursuit of benefit because the city has not reached an optimal condition.
Constraint and Maximization Indicators
Based on the foregoing concept of city sustainability, the CSI is composed of two types of indicators: constraint indicators and maximization indicators. Constraint indicators are used to judge whether a city meets the minimum necessary conditions to be sustainable, based on relevant criteria and thresholds in terms of environmental limitations and socio-economic equity. The thresholds related to environmental limitations should be provided by scientific research, considering leakage effects on the global environment beyond the boundaries of cities. Constraint indicators for environmental limits that are considered to be appropriate for the CSI include, among others, the annual amount of greenhouse gas emissions; water footprint; the atmospheric concentrations of PM10 (particulate matter 10 micrometers in size or less), nitrogen oxides (NOx), sulfur oxides (SOx) and mercury (Hg); and the amount of direct and indirect consumption of forest resources. Appropriate indicators for socio-economic equity include the Gini coefficient of household income, poverty ratio, and the population ratio of access to safe drinking water, among others.
Maximization indicators measure the benefits that cities generate in economic and social aspects. As cities create more benefits, prosperity increases. Concerning the maximization indicators, city performance can be evaluated in a succinct way: the higher the benefits are, the better the performance of the city is. Then, if the increase in the benefits was free from exceeding any environmental and socio-economic constraints, the city could simply continue to pursue economic growth and social amenities. Maximization indicators that are considered to be appropriate for the CSI include, among others, indicators of economic outputs, such as gross domestic product (GDP) per capita; agglomeration costs, such as traffic congestion and housing costs; indicators of social amenities, such as the extent of public transportation; the number of hospitals per a unit of area; the number of physicians per population; and the number of universities per population.
Visualized Model of CSI
Application of the CSI to Megacities
"Large" cities are often said to be eco-efficient; but megacities (cities with a population of at least 10 million) have large negative impacts on the global environment due to the total environmental burden of their large population. We have created a prototype CSI for 18 megacities using five constraint indicators and seven maximization indicators; these were selected based on data availability and comparability across the megacities.
The five constraint indicators are: the amount of emissions of CO2; the atmospheric concentration of Hg; the atmospheric concentration of PM10; water footprint based on blue water, which includes surface and groundwater and is measured by the consumptive use of the run-off flow [52] ; and the Gini coefficient of household income. Grid data on a global scale were used to determine the amounts of CO2 emissions and the atmospheric concentration of Hg. The World Health Organization (WHO) database of PM10 in cities was used to establish the atmospheric concentration of PM10. Although data for the water footprint of countries were available, the data for specific cities were not. Thus, because there was a strong correlation between water footprint and GDP at national scales, we estimated the water footprint of respective megacities from the national data by using both population and GDP data sets for each megacity.
The seven maximization indicators are: the quantity of solid waste generated; ratio of GDP per capita; congestion cost; green rate (the ratio of green areas to urban areas); suicide rate; university density; and the number of physicians. Grid data on a global scale were used for calculating the ratio of GDP per capita, congestion cost (population-weighted average distance to a city center as a proxy) and green rate. Data defining waste generation, university coverage and suicide rate were available from the municipalities. For the university indicator, university rankings were considered in addition to the number of universities. The number of physicians is assumed to be a significant indicator with respect to social security; national data were used as a proxy for this indicator due to the lack of data at smaller scales. The sources of data are provided in Table 1 .
The thresholds were derived from published research [51] , and were used for judging whether a city meets the necessary minimum conditions for city sustainability. For example, the concept of planetary boundaries [51] has provided some threshold values for a few global environmental indicators including water footprint (global freshwater use). The sources of data and thresholds are provided in Table 1 .
The prototype City Sustainability Index consisting of the 12 indicators was applied to the 18 megacities; however, the actual urban areas of the megacities were not clearly defined beforehand. In fact, various definitions and methods exist for delineating urban boundaries of cities, including administrative boundaries [53] , functional boundaries [54, 55] , and morphological boundaries [56, 57] . In this paper, we defined the spatial extent of urban boundaries based on population density data.
Although pair-wise comparisons between maximization indicators would be possible, presentation of all possible combinations of indicators for the 18 megacities would cause information overload. Therefore, information had to be distilled to facilitate comparisons among cities. For this purpose, we standardized maximization indicators on a relative scale using a z-value, where the "worst" city was assigned a ranking of 0 and the "best" city was given a ranking of 100. "Best" and "worst" were dependent on the context of the indicator; for some indicators (e.g., suicide rate) "best" was the smallest value, but for others (e.g., number of physicians) the largest value indicated the "best" performance.
The method that we employed to establish and standardize scores for the maximization indicators was the same as the method used to produce composite indicators consisting of multiple individual indicators [58] . Constraint indicators did not require scaling or standardization because the necessary minimum conditions for city sustainability (i.e., threshold values) were derived from the literature; these thresholds were treated as unbiased standards in this study. Positive contributor. Figure 1 shows the assessment of the 18 megacities using the prototype CSI. The downward-sloping trend line shows the total of the standardized numerical values of the maximization indicators, or in other words, the size of total economic and social benefits. These numerical values do not have any units, and thus no scale on the vertical axis is shown. In Figure 1 , the megacities are arranged (from right to left) in an increasing order of the total maximization indicator value. The bar graphs depict the determinations as to whether the necessary conditions for city sustainability are met for the five constraint indicators. Shaded sections indicate that the city is not sustainable in terms of that particular constraint indicator. To our surprise, no megacity satisfied the necessary minimum condition for city sustainability. 
Visualizing CSI
Transdisciplinary research is a challenge of sustainability science that is formulated by Future Earth, a major international research platform coordinating new interdisciplinary approaches to investigate effective transformations to a sustainable world. The integration of scientific disciplines and social priority in terms of sustainability is of paramount importance. In this light, the CSI study described in Section 3.1 also aimed to involve multiple stakeholders effectively through the processes of co-design, co-production and co-dissemination (Figure 2 ). In the co-design process, scientifically trained academicians and social stakeholders jointly frame a definition of the required knowledge and propose a research definition to establish a commonly shared understanding of the research goals, to identify the relevant research disciplines, and to agree on the roles of different groups of stakeholders [63] . In the co-production process, all the stakeholders including academicians, policymakers, and the other public participants are required to continuously exchange their respective knowledge so as to ensure the societal relevance of the research [63] . The co-dissemination process includes publication of the acquired knowledge, conversion of it into usable and understandable information, and open discussions on the evaluation, application and relevance of the results, particularly among conflicting stakeholders in real society [63] . [63] .
The importance of co-design, co-production and co-dissemination to relevant stakeholders has been increasingly recognized in the field of sustainability research because actions of stakeholders play a significant role in providing real solutions to the problems of sustainability. Academic researchers are required to share the scientific knowledge obtained from academic research with plural stakeholders in real society and link it to a specific social movement towards sustainable society. In this respect, we have created a visualized model of the CSI with which all stakeholders, including non-researchers, can intuitively understand the extent to which an evaluated city is sustainable (Figure 3 ). The visualized model of an evaluated city consists of four components: conditions of constraint indicators; distribution of population density; conditions of social maximization indicators and conditions of economic maximization indicators (Figure 3 ). The top section of the visualization model in Figure 3 displays five globes, which represent the five constraint indicators used in the prototype CSI described in Section 3.1; by their color, the globes indicate whether the necessary minimum conditions for city sustainability have been satisfied. A blue globe, well-known imagery that depicts a healthy planet, indicates that the city is sustainable in terms of a given constraint indicator. A red globe is a warning sign; it implies that a city is unsustainable in its relationship with the global environment if the constraint indicator is an environmental indicator. The number of red globes indicates to what extent a city does not meet the necessary minimum conditions for city sustainability. Thus, an audience can easily see if a city is sustainable, or the extent to which it is not, simply by looking at the number of colored globes.
The section immediately below the globes shows the distribution of population density within the city being evaluated. Population density is denoted by the height of bar, and each bar represents a 5 km × 5 km physical area within the city. The higher the bar is, the higher the population density is. Normally, the spatial differences in population within a city are difficult to visualize. However, from the visualized model an audience can readily understand which parts of a city are more densely populated than others. Moreover, by comparing the spatial patterns of population densities across several cities, an audience can also judge whether a given city has a tendency to be "sprawled" or whether the city tends to have its population concentrated in a particular area, e.g., the city center. The bottom two parts of the visualized CSI model contain "blocks", each of which corresponds to a particular economic or social maximization indicator. Each type of indicator (economic or social) is depicted in a different color, and the height of each block implies the size of benefit measured by the indicator. Thus, higher blocks indicate larger benefits than smaller blocks, and the cumulative height of all blocks shows the size of the total benefits that a city produces. Thus, by comparing the heights of blocks in the models for several cities, an audience can readily understand which city generates the largest benefits in total.
Usage of the Visualized Model
The visualized CSI model allows a user to assess and compare different cities easily based on the concept of city sustainability described in Sections 2.1 and 2.2. For example, Figure 4 shows visualized models for 12 megacities. A user can simply check whether there are any red globes to see how many cities meet the necessary minimum conditions for city sustainability. A user also can compare the physical heights of the models for the various cities to see which city has the highest overall socio-economic benefit (i.e., the tallest model in Figure 4 ). Lastly, a user can readily identify the most sustainable city by selecting models of cities without red globes, and then picking out the city that is the highest among them. In short, the city for which the visualized CSI model has the greatest height and no red globe is the most sustainable. illustrates how two cities can be compared to decide which is more sustainable. The top section of the model shows that City A is not sustainable (i.e., it has red globes) and City B is sustainable (i.e., it has no red globes). In this case, City B should always be assessed as being better than City A, even though the height of the model for City A is greater than that for City B. The heights of the two models indicate that City A generates greater benefits than City B in maximization indicators; however, this advantage is gained at the expense of the global environment. Neither of the models for City B and City C contain red globes, thus it is possible to compare the two cities in a straightforward way. The higher the model is, the more sustainable the city is. Because the model for City C is taller than that for City B, City C produces more socio-economic benefits than City B does, and does so in a sustainable way.
However, it is not necessarily possible to find the most sustainable city. If all the cities were to have at least one red globe (Figure 4) , none of them would be considered to be sustainable because they do not satisfy the necessary minimum conditions for city sustainability. Under such circumstances, it is meaningless to compare the cities in search of the best city because all are unsustainable. Nevertheless, comparisons of both the model height and the number of red globes among cities can be useful in identifying the way to make such cities sustainable. On the other hand, the user in search of the most sustainable city might need to compare each maximization indicator among cities in addition to the total benefits even when all the cities under evaluation meet the necessary minimum conditions for city sustainability (e.g., City B and City C in Figure 5 ). Such a comparison is necessary because aggregation of individual benefits into a cumulative measure (i.e., total benefits) loses detailed information about each indicator. Consequently, the sizes of benefits of individual indicators among cities may be vastly different, yet produce identical total benefits. Unless one city is better than another in every comparable indicator, the comparison of performance in each indicator is still critical. To accomplish such a comparison, the user can flexibly select the blocks of maximization indicators, and can choose a subset of blocks for comparing the height among cities.
It is also possible to make a comparative analysis of cities that are similar in terms of the distribution of population density. Such a comparison may reveal that some indicators exhibit larger differences between the cities than do any other pairs, thereby providing useful insight into how relevant policies and management actions may be focused on improving the conditions pertinent to those indicators. The feasibility and potentiality of extending such policies or actions to an "inferior" city might be high if similar cities were compared and analyzed.
Discussion
Bottom-up and Top-down Approaches in CSI
We believe that the visualized CSI model introduced in this paper provides a useful tool that allows a wide range of stakeholders to participate in the decision-making process on subjects that influence city sustainability. However, when applying a transdisciplinary approach to complex decision-making, arguments often eventuate in deliberations regarding whether to take a top-down approach or a bottom-up approach [15, 21, 25] . In the CSI, top-down and bottom-up approaches apply to constraint and maximization indicators, respectively. Because each approach has its own advantages and disadvantages, a CSI study must strive for the appropriate balance between the two approaches; this balance may be society-specific. Because we constructed the visualized CSI model to harmonize with the concept of a transdisciplinary approach, our focus has been placed more on the use of bottom-up approaches in maximization indicators than on the use of top-down approaches. The disadvantage of a bottom-up approach, however, is that there is a high probability that stakeholders will by themselves select the indicators or make judgements about them based purely on their lay opinions, which often lack both expert knowledge and scientific grounding. The solution derived from bottom-up decision-making processes could ignore long-term views, potential impacts of leakage effects and negative externality, and hence fail to take the well-being of future generations into consideration. Although a bottom-up approach seems to be possible for determining constraint indicators in CSI, one must remember that these indicators must be selected, and thresholds set, in a top-down approach based on a long-term view, global perspective, and scientific knowledge. If a bottom-up approach is incorporated into defining constraint indicators in a CSI study, important indicators on a global scale may be omitted, depending on the preferences of local stakeholders. If this happens, the purpose of promoting the sustainability of a city may be lost.
Maximization indicators measure the extent of the benefits a city generates in economic and social aspects, and these benefits are assessed after the conditions of the constraint indicators are met. In evaluating maximization indicators, there is a strong probability that the size of the benefit may be influenced unduly by the values and preferences of local stakeholders, such as residents of that city. If a city meets the necessary minimum conditions for city sustainability, there should be no objection to the city's maximization of economic and social benefits in any form. In other words, in a CSI study we are able to appreciate diversity in the values and preferences of stakeholders as long as the necessary minimum conditions for city sustainability are satisfied. Therefore, stakeholders may be allowed to freely select and manage the metrics for the maximization indicators by adopting a bottom-up approach. In this respect, we need to create a model of CSI in which weightings can be put flexibly on maximization indicators based on certain values expressed by stakeholders; this feature is not available in the current version of the CSI prototype.
Visualized CSI Model for Education
When city sustainability is assessed within a global perspective, a wide range of people from different communities and regions across the world must be engaged to raise awareness of the possible links between their respective societies' lifestyles and global environmental issues. One possibility for accomplishing such engagement would be to effectively disseminate scientific knowledge to a wide range of stakeholders through educational activities [25, 64, 65] .
The visualized model of the CSI can convey complicated information in a simple and straightforward manner to diverse audiences so that the content of complex sustainability analyses can be readily understood by people who are not experts. The appeal and success of visualization in communicating about similarly complex issues has been demonstrated in the applications of Geographic Information Systems (GIS) [42, 43] and the NOAA Science on a Sphere ® (SOS) program [40] . In view of these successful approaches, the visualized CSI model can provide an ideal teaching resource and/or learning tool to raise awareness and explore real-world issues in a way that helps learners develop critical thinking about the society and environment to which they belong. The teaching and learning activities accomplished through the CSI can provide opportunities for learners to: (1) explore ideas and issues on the environmental effect each city has on the planet; (2) consider the choices citizens make and the consequences of those choices on the environment; (3) identify important local issues and link them to national and international issues of sustainable development; (4) compare and contrast the state of the environmental, economic and social systems that shape ways of living in the cities across the world; and (5) analyze the relationship between human activities and the environment on a global scale. The incorporation of CSI in education may therefore make an effective contribution to raising awareness, changing public behavior and eventually providing a basis for tackling the challenges of sustainable development faced by cities in the long term.
Visualized CSI Model for Policy-Making
Indicators have been playing an increasingly important role in providing vital information on subjects such as sustainable development to allow for informed decisions to be made. As a result, the focus is now shifting towards a process in which the development of urban sustainability indicators is integrated into policy institutions and decision-making processes of city planners [66] . Likewise, sustainability indicators have steadily gained acceptance as reliable tools to gauge the extent to which a community is moving towards sustainability [67] . In this regard, the CSI allows for the effective communication of visualized and quantitative information amongst diverse stakeholders, and the output is therefore expected to provide an ideal basis for informed decisions on policy making.
A workshop for discussions and information-sharing may be introduced for the purpose of transforming a city into a sustainable one [68, 69] . Certainly, in the local policy-making process a workshop could be organized that involves a variety of stakeholders, and in which the visualized CSI model can be used to transform multi-dimensional information into a readily digestible form. The output of such a workshop could provide the respective stakeholders with opportunities to: (1) identify both positive and negative aspects of the city in relation to sustainable development; (2) evaluate possible links between alternative decisions that stakeholders make and the consequences of such decisions for the environment; and (3) consider the best options for decisions affecting the environment at local, national and international scales.
Alternatively, it may be more desirable to establish a consortium that involves cities across the world and in which the visualized CSI model is used optimally in the policy-making process. The output of the CSI provides the respective participating parties with the opportunity to compare the state of the environmental, economic and social systems between cities and evaluate alternatives in decisions affecting issues relating to city sustainability. The participants can then exchange ideas and discuss issues about sustainable development with reference to the city assessed to exhibit the best sustainability performance based on output of the visualized CSI model. This approach will allow poorly performing cities (with respect to sustainability) to develop critical thinking about the lifestyles of their societies. Importantly, cities with different cultural backgrounds must discuss if it is feasible for any social best practices and/or policies to be transferred among these cities. The visualized CSI model thus encourages many parties to participate in the development of the consortium and thereby facilitates multi-stakeholder processes and collaborations, as well as social learning, simultaneously.
Currently the visualized CSI model represents information about the sustainability of cities based on both constraint and maximization indicators. However, an ability to identify and indicate any cause-effect relationships among those indicators would be a desirable addition to the model, as this feature would allow policymakers to specify what controls (i.e., policies and actions) should be implemented to achieve the best possible outcome for sustainable development. In addition, the types of indicators considered to be appropriate for a CSI study are not limited to the constraint and maximization indicators discussed in this paper; we are currently exploring additional unique aspects of city characteristics that are difficult to be assessed in terms of city sustainability (e.g., local climate, demographic structure, and composition of buildings). These additional indicators may be of more relevance than, say, the mean travel distance to a city center, in understanding the links between features of cities and their sustainability performance. Overall, the establishment of a consortium will strengthen the ties between cities, and the further development of the CSI will help the participants in such a consortium to better understand both differences and commonalities across cities in terms of city sustainability. This will in turn help the respective societies identify potential practices from their consortium colleagues to be incorporated in their own policy-making process, as well as to identify unique practices that may only be suitable for a particular society.
Limitations and Future Research
The visualized CSI model provides both a foundation for the transdisciplinary approach and a framework for measuring and comparing the performance of cities in the context of sustainability. However, the return of meaningful information for use in policy making is highly dependent on the way in which the indices that comprise CSI are incorporated in the actual participatory and/or decision-making processes. In this regard, there are mainly three issues to be addressed with respect to limitations and future prospects of the CSI methodology.
First of all, the visualized CSI model provides a simplified means to help a range of stakeholders comprehend and compare the states of different cities in terms of city sustainability. However, stakeholders have yet to be involved in the process of selecting indicators and deciding how the individual indicators are weighted and presented within the model. In essence, the transdisciplinary approach encourages interactive behavior through the good use of co-design and co-production in participant-led decision-making processes. In this regard, the CSI currently aims to provide an interactive platform for policy making through which stakeholders can decide which indicators to be considered, how they are weighted and how they are presented; once these decisions are made, a CSI study can be performed and stakeholders can discuss the results to come up with the best solution for the society. However, Lockton also points out that the goal of the design process is to modify or redesign the assessment system to influence users' behavior towards a particular 'target behavior' [70] . From this point of view, the CSI study may require stakeholders to be involved even at the designing stage of the model development so that the resulting outcome can influence the participants and then encourage their further engagement in support of a participatory approach.
Secondly, the current CSI model can only present a transient description of the state of a city at a fixed point in time; therefore, the model is not amenable to visually interactive manipulation. In the CSI, the maximization indicators are normalized and then aggregated so that their heights can be visually compared. However, if following analysis, one indicator is deemed to be more important than another, revised weightings must be assigned to the indicators and the indicators re-aggregated. The current CSI model does not accommodate this type of real-time demand ("what-if" scenarios) and this inability may hamper advancement in the use of the visualized CSI model in transdisciplinary programs. Fortunately, integrated technologies are available that provide multimodal display of interaction with information in real time [71] ; these tools must be used to develop a computer-based, visually interactive CSI model that allows easy manipulation of weightings among indicators and thereby provides instant alternative graphical representations of different scenarios. In future developments of the CSI model, cause-effect relationships among the sustainability indicators must be identified and included. This feature will allow stakeholders to use a computer-based visualized CSI model to explore various decision choices for city sustainability through the use of co-design and co-production approaches. Furthermore, the identification and inclusion of the unique aspects of city characteristics into the CSI model, as discussed earlier, will add another dimension in the exploration of the cause-effect relationships among the existing indicators, the newly identified characteristics of cities and the performance of the urban sustainable development.
Finally, the effective use of the visualized CSI model is strongly dependent on the availability of a large quantity of data. In addition, the boundaries of cities in this study are defined based on population density (i.e., urban settlement area), which do not necessarily match the politically defined city boundaries. For this reason, the collection and processing of the required data sets can be highly labor-intensive as well as prohibitively expensive. However, public participation through co-design and co-production processes, aided by a consortium of major cities, has gradually gained popularity as an essential component in the management of urban development, because such a participatory approach can help close resource gaps [72] . To help reduce data-gathering costs, public participants can be recruited and trained to conduct surveys for collecting data [67, 73] . The involvement of citizens in data collection could provide the CSI with better and larger data sets. If this enhanced supply of data could be continually processed and updated in a refined visualized CSI model, further public engagement would be encouraged, as well as interactions between stakeholders, which may eventually generate a positive feedback in the context of city sustainability ( Figure 6 ). The importance of continually revising and refining the visualized CSI model is crucial to its meeting the challenges of these critical issues in the context of city sustainability. 
Conclusions
We have developed a 3-D model of a City Sustainability Index (CSI), based on our original concept of city sustainability. A sustainable city is one that maximizes the total socio-economic net benefits within constraint conditions of environmental limits and socio-economic equity. In accordance with this concept, the system of the CSI comprised two types of indicators: maximization indicators and constraint indicators. The former measure the benefits that a city generates in socio-economic aspects. The latter judges whether a city meets the necessary minimum conditions for city sustainability. The 3-D model of the CSI shows the results of the analysis in a user-friendly succinct way. To provide this visualization, the height of a model for a city represents the results for the maximization indicators, whereas blue or red globes displayed at the top of the model indicate how many city sustainability constraint conditions are satisfied.
When pursuing city sustainability in practice, the choice of constraint indicators should be made using a top-down approach on the basis of scientific knowledge. On the other hand, maximization indicators should be selected and weighted by implementing a bottom-up approach because this method respects the diversity of values that multiple stakeholders hold, which may be specific to a particular city. The flexibility in the choice and the prioritization of maximization indicators could be the key to successfully involving relevant stakeholders in transdisciplinary research towards city sustainability.
Crucially, for the involvement of appropriate stakeholders and the implementation of relevant policies towards sustainability in cities, complicated information must be conveyed to diverse stakeholders in a simple and straightforward manner so that the current and future situations on sustainability can be readily understood by all the key parties in the process, including non-experts. The visualized model of the CSI can contribute to this conveyance, and also potentially play a significant role in sustainability education.
Finally, it is worth noting here that transdisciplinary co-creation processes consisting of co-design, co-production and co-dissemination have been urgently required for practically solving global sustainability issues according to Future Earth (www.futureearth.org). However, these terms are relatively new and hence they have still remained equivocal even conceptually. As a result, it is not yet clear as to what kinds of practical activities in the transdisciplinary processes need to be conducted. This line of research should therefore be further carried out. This paper suggests that the visualized model of CSI can contribute to transdisciplinary co-creation processes for city sustainability.
